Background: Circular RNAs (circRNAs) are a new class of RNAs that play a significant role in regulating gene expression and biological function. However, the expression profile and function of circRNAs in gastric cancer (GC) remain mostly uncertain. In the present study, we researched the expression profile of circRNAs in human GC tissues and explored the role of circCACTIN (hsa_circ_0092303). Methods: Circular RNA microarray assays were performed to detect circular RNA expression profiles of GC and circCACTIN was identified for further investigation. Quantitative real-time PCR was used to detect the expression of circCACTIN, miR-331-3p and TGFBR1 in GC specimens and cell lines. CircCACTIN was stably silenced and overexpressed in GC cells, and cell proliferation, migration, invasion, epithelial-mesenchymal transition (EMT), as well as tumorigenesis in nude mice were performed to assess the effect of circCACTIN on GC. Results: CircCACTIN expression was obviously up-regulated in GC tissues and cell lines. Knockdown of circCACTIN inhibited GC cells proliferation, migration, invasion and EMT. Enforced-expression of circCACTIN promoted GC cells migration, invasion and EMT, but had no effect on GC cells proliferation. Moreover, in vivo experiments, circCACTIN up-regulation promoted GC tumor growth and EMT, and circCACTIN down-regulation inhibited GC tumor growth and EMT. Binding interactions were detected between circCACTIN and miR-331-3p, and between miR-331-3p and TGFBR1 by Dual-luciferase reporter assays. Mechanistically, we demonstrated that circCACTIN promoted gastric cancer progression by sponging miRNA-331-3p and regulating TGFBR1 mRNA expression.
Therefore, to improve the diagnosis, prevention and treatment of GC, the discoveries of novel molecular mechanisms and therapeutic targets are of great importance.
Circular RNAs (circRNAs) are a new class of RNAs formed by a covalently closed loop with neither 5'-3' polarities nor polyadenylated tails [3, 4] . They are evolutionarily conserved in different species and often expressed tissue/developmental-stage specific [5] . With rapid advances in bioinformatics technologies and high-throughput sequencing, increasing circRNAs have been discovered. Plenty of evidence has indicated circRNAs play vital roles in several physiological and pathological processes, including cell proliferation, cell cycle progression, migration, invasion, metastasis and carcinogenesis [6] . Recent studies have confirmed that circRNAs participate in the occurrence and progress of many malignancies, such as glioma [7] , hepatocellular carcinoma [8] , pancreatic carcinoma [9] , gastric cancer [10] and colon cancer [11] , by serving as microRNA (miRNA) sponges and protecting the target genes from miRNA-mediated mRNA dysfunction. The functions of individual circRNA in GC remain largely unknown and need further investigation.
In our study, tissue microarrays were used to explore the differential expression profiles of circRNAs in GC. A large number of differentially expressed circRNAs were found between GC and matched para-carcinoma tissues. Here, we focus our attention on a circular RNA derived from CACTIN gene, termed circCACTIN. CircCACTIN is also regarded as hsa_circ_0092303 (http://www.circbase. org/cgi-bin/simplesearch.cgi), which is located at chr19: 3620270-3620690. CircCACTIN is remarkably up-regulated in GC tissues. Therefore we performed biological and molecular experiments in vitro and in vivo to examine the effect of circCACTIN on GC. Our research was the first to reveal the circCACTIN/ MiR-331-3p/Transforming growth factor-β receptor type 1 (TGFBR1) pathway involved in GC progress, which established a new molecular mechanism of GC development and indicated a potential therapeutic target for GC.
Materials and Methods

Clinical samples
Patients were collected from the department of gastrointestinal Surgery of the Third Affiliated Hospital of Soochow University (China) between October 19, 2017 and December 19, 2017 . Gastric cancer tissues and their matched para-carcinoma tissues were collected from 2 gastroscopy patients and 30 surgical patients. All patients were pathologically diagnosed with gastric adenocarcinoma. All specimens collected were frozen in liquid nitrogen for future use. We used eight surgical specimens and two gastroscopic biopsy specimens to perform circRNA microarray analyses. Detailed clinical information for circRNA microarray detection is summarized in Table  S1 . Detailed clinical information for quantitative real-time PCR (qRT-PCR) is summarized in Table S2 . GC patients were staged following the AJCC tumornode-metastasis (TNM) staging system (8th ed.). This study was approved by the Human Research Ethics Committee of Soochow University.
Analyzing circRNA expression profile
Ten pairs of GC and para-carcinoma tissues including eight surgical specimens and two gastroscopic biopsy specimens, were selected for circRNA microarray detection. The patients enrolled did not receive any treatment before surgery. CircRNAs microarray detection (H1710082 AS-CR-005 Human Circular RNA Microarray v2) was performed and analyzed by KangChen Bio-tech Inc. (Shanghai, China), which detected 656 up-regulated and 761 down-regulated circRNAs.
Cell culture
GES1, BGC-823, MGC-803 and SGC-7901 cell lines were purchased from Chinese Academy of Sciences, Shanghai Institutes for Biological Sciences. All cell lines were cultured in RPMI 1640 medium (Gibco, New York, USA) with 10% fetal bovine serum (FBS, Gibco, NY, USA). The cells were incubated at 37℃ in a humidified atmosphere containing 5% CO2.
RNA isolation and qRT-PCR
TRIzol reagent (Invitrogen, CA, USA) was used to extract total RNA according to the manufacturer's instructions. RNA concentration was measured by Beckman Coulter, and each paired RNA samples were adjusted to the uniform concentration. A One Step SYBR ® PrimeScript™ RT-PCR Kit II (Takara, Kusatsu, Japan) was used to conduct qRT-PCR assays for circRNAs and TGFBR1. The amount of the target RNA was normalized to the expression of endogenous reference (GAPDH). A TaqMan MicroRNA Assays Kit (Applied Biosystems, Carlsbad, CA, USA) was used for miRNA-331-3p qRT-PCR. U6 was used as the internal control for miR-331-3p detection. The qRT-PCR reaction was performed on an ABI 7500 Real-Time PCR System (Applied Biosystems, CA, USA). Relative gene expression was shown as the fold change (2 −ΔΔCT ). All the primer sequences were listed in Table S3 , and divergent primers were designed for circRNAs. Each qRT-PCR analysis was repeated three times.
Transient transfection and construction of stable cell lines
Small interference RNAs (siRNAs) specific to human circCACTIN and TGFBR1, miR-331-3p mimic, inhibitor and their negative controls were generated by Gene-Pharma (Shanghai, China). A fragment of 420bp of circCACTIN cDNA was cloned into PLCDH-cir vector (Ribobio, Guangzhou, China) to overexpress circCACTIN. For TGFBR1 overexpression, the 1509bp coding sequence of TGFBR1 (NM_ 004612) was cloned into pLVX-IRES-Puro (Promega, USA). The lentivirus in this study were constructed by Genelily (Shanghai, China). The above vectors were transfected by Lipofectamine® 3000 (Thermo fisher, China) according to the manufacturer's instructions. After transfection for 48h, the transfection efficiency of cells in each group was detected by qRT-PCR.
Cell proliferation assay
Cell Counting Kit (CCK8, Dojindo, Osaka, Japan) was used to perform the cell proliferation assay. BGC-823 and MGC-803 cells in different groups were seeded into 96-well plates with serum-free RPMI 1640 medium. Each group was replicated with four independent wells. Cell proliferation was observed at 24, 48 and 72h by measuring absorbance 450nm using a spectrophotometer. Before measurement, each well was added with 10μl CCK-8 reagent and then cells were cultured at 37℃ for another 3h.
Wound-healing assay
BGC-823 and MGC-803 cells in different groups were seeded into 6-well plates. The cell layers were scratched with 200ml pipette tips, and the cells were maintained in serum-free RPMI-1640 medium. The cells were photographed by an inverted microscope to record the wound width at 0 and 24h, and the wound width was measured using Image J software. Measuring was conducted 5 times in each group at random intervals along the wound length, and the results of three independent experiments were averaged and expressed as a percentage of the original width.
Cell invasion assay
BGC-823 and MGC-803 cells (5×10 4 ) in each group were resuspended in 200μl medium without serum and seeded into the upper chamber of each transwell (Corning, New York, USA) which was coated with Matrigel (BD Biosciences, New York, USA). 600μl medium containing 20% FBS was added to the bottom chamber as a chemoattractant. The cells were incubated at 37°C with 5% CO2 for 24h. Afterwards, cells were fixed with 4% paraformaldehyde for 30min and then stained with 0.1% crystal violet for 30min. Three randomly selected fields under an inverted microscope were used to count the number of invading cells.
Western blotting
RIPA lysis buffer (Beyotime, China) was used to extract total protein of each group according to the manufacturer's specification. Equivalent amounts of proteins from each group cells were subjected to SDS-PAGE electrophoresis and then transferred onto a polyvinylidene fluoride (PVDF) membrane (SigmaAldrich, USA). After being blocked in 5% fat-free milk for 1h at room temperature, membranes were incubated with specific primary antibodies overnight at 4°C with gentle shaking, and followed by detection with enhanced chemiluminescence system (SuperSignal West Femto trial kit, Pierce). Primary antibodies were as follows: TGFBR1 (1:3000; Abcam, MA, USA), E-cadherin (1:2000, Cell Signaling Technology, MA, USA), Vimentin (1:1000, Cell Signaling Technology, MA, USA), Snail1 (1:1000, Cell Signaling Technology, MA, USA). GAPDH (1:6000, Sigma, St. Louis, MO, USA) was used as loading control. The membranes were then incubated with HRP-labeled goat anti mouse/rabbit secondary antibodies (1:8000, Sigma Aldrich, St. Louis, MO, USA). After washes, Membranes were exposed to X-ray film (Kodak China Investment, China) to visualize the bands, then signals were detected using a chemiluminescence system (Bio-Rad, USA) and analyzed using Image Lab Software (Bio-Rad, CA, USA).
Dual-luciferase reporter assays
Circular RNA Interactome (https://circinteracto me.nia.nih.gov) and TargetScan (http://www.target scan.org) were used to predict potential binding sites. Dual-luciferase reporter assays were used to detect the binding interactions between circCACTIN and miR-331-3p, miR-331-3p and TGFBR1. BGC-823 cells were cultured in 12-well plates and co-transfected with PsiCHECK-2-Report vector (Promega, China) carrying either wild or mutated circCACTIN or TGFBR1 3'UTR sequences together with miR-331-3p mimics or mimics NC. Gene-Pharma (Shanghai, China) provided the circCACTIN and TGFBR1 3'UTR constructs. The miR-331-3p mimics were constructed by RiboBio (Guangzhou, China). Firefly and Renilla luciferase activities were measured 48 hours after transfection using the dual-luciferase reporter assay (Promega, Madison, WI, USA). The luciferase activity was calculated as the ratio of firefly luciferase intensity to renilla luciferase intensity.
In vivo tumor formation assay
Male athymic BALB/c nude mice, 4-6 weeks old, were purchased from Slac Laboratories (Shanghai, China). The animal care and experimental protocols were approved by the institutional guidelines of Animal Care and Use Committee of Soochow University. 1×10 7 BGC-823 cells stably transfected with si-circCACTIN and si-NC and MGC-803 cells stably transfected with Lv-circCACTIN and Lv-NC were individually resuspended in 200μL PBS medium and then subcutaneously injected into the flank of each nude mouse. The tumors were measured every 5 days and the tumor volume was calculated following the formula length × width 2 /2. The mice were killed on day 25 after inoculation.
Immunohistochemistry (IHC)
Xenograft tumor specimens from nude mice were fixed in 4% paraformaldehyde and subsequently embedded in paraffin. After dewaxing and hydration, antigen retrieval and blocking, the 5μm sections were incubated with specific primary antibodies overnight at 4°C. Primary antibodies were as follows: TGFBR1 ( Then the sections were incubated with anti-mouse/ rabbit secondary antibody (Abcam, USA) for 30min at room temperature. Staining was performed using diaminobenzidine (DAB) kit (Sigma, USA). The images were obtained under a microscope (Olympus, Japan) with appropriate magnification.
Statistical analysis
SPSS v21.0 (SPSS Inc., USA) and GraphPad Prism v5.0 software (GraphPad Software, USA) were used for statistical analyses. Data difference between two groups was assessed using Student's t-test. Difference among multiple groups was determined by one-way analysis of variance (ANOVA) test. Data were presented as means ± standard error of the mean (SEM). P value < 0.05 was considered as statistically significant.
Results
Circular RNA expression profile in gastric cancer
Differences of circRNA expression profiles between GC tissues and paired para-carcinoma tissues were detected by high-throughput human circRNA microarrays. Differentially expressed circRNAs between cancer tissues and para-carcinoma tissues were identified through Fold Change filtering (Fig. 1A) and Volcano Plot filtering (Fig. 1B) . The top 50 high expressed circRNAs in GC extracted by hierarchical clustering are shown in Fig. 1C . The details of top 20 high expressed circRNAs in GC are now listed in Table 1 . Fig. 1 The identification of circRNA expression profiles in gastric cancer. A Scatter plot of circRNAs expression in gastric cancer and para-carcinoma tissues. The circRNAs above the top green line and below the bottom green line are those up-regulated or down-regulated more than 1.5 folds. B Volcano plot visualizes the different expression in these two groups. The red dots represent more than 1.5 fold changes (log2 scaled) of circRNAs and with statistical significance (P < 0.05). C Hierarchical cluster analysis of the top 50 up-regulated circRNAs of gastric cancer in 10 pairs of matched tissues. T: gastric cancer tissues; P: para-carcinoma tissues. 
CircRNA selection and circCACTIN expression is up-regulated in GC tissues and cell lines
The first eight highly expressed circRNAs were verified by qRT-PCR. The results confirmed the expressions of hsa_circ_0003893, hsa_circ_0044556, hsa_circ_0058230, hsa_circ_0092303 in GC tissues were more than doubled their expression in paracarcinoma tissues, as shown in Table 1 and Fig S1 . Therefore, hsa_circ_0003893, hsa_circ_0044556, hsa_ circ_0058230, hsa_circ_0092303 were chosen to explore the function of circRNAs in GC. We constructed four siRNAs to silence the four circRNAs individually in BGC-823 cells. Their interferential efficiencies were shown in Fig. S2 . CCK8 assays revealed only hsa_circ_0058230 and hsa_circ_0092303 had effects on GC cells proliferation, and hsa_circ_0092303 was the most influential ( Fig. 2A) . We also conducted transwell invasion assays and found only hsa_circ_0092303 had effect on GC cells invasion (Fig. 2B, C) . Therefore circCACTIN (hsa_circ_0092303) marked with orange arrow in Fig. 1A and Fig. 1B was chosen as the research emphasis in subsequent studies. To rule out the effect of linear RNA, qRT-PCR was used to detect the CACTIN mRNA expression in circCACTIN knockdown BGC-823 cells, and no significant expression change was observed (Fig. S3) . So far there was no report about CACTIN in GC detected in PubMed, Web of Science or Embase. Therefore, we analyzed the data from TCGA database. KaplanMeier survival curves showed that there was no statistically significant difference in survival between the low CACTIN expression group and the high CACTIN expression group in GC (N = 397, P = 0.088, HR=1.45, 95% CI=0.91-2.19) (Fig. S4) . The expression of circCACTIN was further assessed with paired GC and para-carcinoma tissues from 30 patients by qRT-PCR. Compared with para-carcinoma tissues, circCACTIN was remarkably increased in GC tissues (Fig. 2D) . Furthermore, the expression levels of circCACTIN in three GC cell lines (SGC-7901, BGC-823 and MGC-803) were dramatically higher than those in normal human gastric epithelial cell line GES-1, and circCACTIN expression was the highest in BGC-823 cells and lowest in MGC-803 cells (Fig. 2E) . Thus BGC-823 and MGC-803 cell lines were used for subsequent functional analyses. Our data indicated that circCACTIN expression was increased in GC tissues and cell lines.
CircCACTIN promotes proliferation, invasion, and migration of GC cells in vitro
The previous results showed that downregulation of circCACTIN decreased BGC-823 cells proliferation and invasion. Wound-healing assays indicated down-regulation of circCACTIN decreased BGC-823 cells migration when compared with the control group (Fig. 3A) . Besides down-regulation of circCACTIN in BGC-823 cells we also constructed a retroviral stable expression of circCACTIN in MGC-803 cells. The expression level of circCACTIN in MGC-803 cells was validated by qRT-PCR (Fig. S5) . However, up-regulation of circCACTIN had little impact on MGC-803 cells proliferation, as shown by the results of the CCK8 assays (Fig. 3B) . Transwell assays and Wound-healing assays suggested up-regulation of circCACTIN significantly promoted MGC-803 cells invasion and migration (Fig. 3C, D) . These results indicated that circCACTIN played a key role in promotion of proliferation, invasion and migration of GC cells in vitro. . E Relative expression levels of circCACTIN in three gastric cancer cell lines and the immortalized gastric normal mucosal cell line GES-1 detected by qRT-PCR. Experiments were repeated 3 times and data were presented as means ± s.d. ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001.
Binding interaction exists between circCACTIN and miR-331-3p
17 miRNAs were predicted as the potential targets of circCACTIN by the circular RNA Interactome Database. Firstly, 5 miRNAs with scores above 90 including hsa-miR-1205, hsa-miR-1225-3p, hsa-miR-1233, hsa-miR-331-3p, hsa-miR-661 were selected. QRT-PCR was used to detect the expression changes of these miRNAs in the circCACTIN down-regulation BGC-823 cells. The results indicated that hsa-miR-331-3p expression was most significantly affected by circCACTIN (Fig. 4A) . Dual-luciferase reporter assays were performed to verify if there was a binding site between circCACTIN and miR-331-3p. The alignments of potential binding site and mutant type of circCACTIN were constructed through bioinformatics analysis (Fig. 4B) . The firefly luciferase reporter activity was significantly decreased in the group of co-transfection of hsa-miR-331-3p mimics and circCACTIN WT in BGC-823 cells, and the circCACTIN mutant group showed no notable change of luciferase reporter activity (Fig. 4C ). This finding confirmed that binding interaction existed between circCACTIN and miR-331-3p.
CircCACTIN functions as an efficient sponge of miR-331-3p in GC
We further explored whether circCACTIN functioned as an oncogene by serving as a sponge of miR-331-3p. Firstly, BGC-823 cells were transfected individually with si-NC, si-circCACTIN, si-NC+miR-331-3p inhibitor, si-circCACTIN+miR-331-3p inhibitor; MGC-803 cells were transfected individually with Lv-NC, Lv-circCACTIN, Lv-NC+miR-331-3p mimic, and Lv-circCACTIN+miR-331-3p mimic. QRT-PCR was used to determine the transfection efficiency (Fig.  5A, B) , and it was revealed miR-331-3p expression was inversely related to circCACTIN in sicircCACTIN transfected BGC-823 cells and LVcircCACTIN stable transfected MGC-803 cells (Fig.  5B) . Subsequently, CCK-8 assays, transwell assays and wound-healing assays were performed. The results indicated that transfection of miR-331-3p inhibitor promoted BGC-823 cells proliferation, invasion and migration; transfection of miR-331-3p mimic suppressed MGC-803 cells proliferation, invasion and migration. Moreover, miR-331-3p reversed the changes of cells proliferation, invasion, and migration induced by variation of circCACTIN in GC (Fig. 5C-E) . between circCACTIN and miR-331-3p . A. QTR-PCR was performed to detect the expression of hsa-miR-1205, hsa-miR-1225-3p, hsa-miR-1233, hsa-miR-331-3p and hsa-miR-661 in circCACTIN down-regulation BGC-823 cells. B. Putative miR-331-3p binding site in the 3′-UTR of circCACTIN is shown. The sequence in the circCACTIN 3′-UTR at the complementary site of miR-331-3p was mutated. C. Compared to mutant group, the luciferase activity of circCACTIN wild type group had decreased. The relative luciferase activities were normalized with Vector activity. Experiments were repeated 3 times and data were presented as means ± s.d. ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001.
Binding interaction exists between miR-331-3p and TGFBR1
For the effects of circCACTIN on GC cell invasion and migration, we selected 8 targets (SEMA7A, RCC2, TGFBR1, MEIS1, ITGA9, SYT7, FZD4, MSI1) related to tumor invasion and migration from hundreds of miR-331-3p targets predicted by Targetscan, and found TGFBR1 expression was most significantly affected by miR-331-3p (Fig.6A) . Dualluciferase reporter assays were performed to verify if there was a binding site between miR-331-3p and TGFBR1. The alignments of potential binding site and mutant type of TGFBR1 were constructed through bioinformatics analysis (Fig. 6B) . Co-transfection of hsa-miR-331-3p mimics and TGFBR1 WT cells were observed with significantly reduction of firefly luciferase reporter activity and the TGFBR1 mutant group showed no notable change of luciferase reporter activity (Fig. 6C) . This finding confirmed that binding interaction existed between miR-331-3p and TGFBR1 mRNA. In addition, we also proved both TGFBR1 mRNA and protein expression were regulated by circCACTIN through miR-331-3p (Fig.  6D, E) .
TGFBR1 is overexpressed in GC tissues and regulated by circCACTIN
Given the previous results, we considered circCACTIN/MiR-331-3p/TGFBR1 pathway might be involved in gastric cancer progress. TGFBR1 mRNA expression detected in paired GC and para-carcinoma tissues from 30 patients showed TGFBR1 was significantly overexpressed in GC tissues (Fig. 7A) . BGC-823 cells were transfected individually with si-NC, si-circCACTIN, Lv-TGFBR1, si-circCACTIN+ Lv-TGFBR1; MGC-803 cells were transfected individually with Lv-NC, Lv-circCACTIN, si-TGFBR1, and Lv-circCACTIN+si-TGFBR1. QRT-PCR was used to determine the expression levels of circCACTIN and TGFBR1 mRNA for each group (Fig. 7B, C) .
Obviously, TGFBR1 expression was positively related to circCACTIN in si-circCACTIN group BGC-823 cells and LV-circCACTIN group MGC-803 cells (Fig. 7C) . As for the cell function experiments, TGFBR1 was proved to promote cell viability, invasion, and migration in GC, which was consistent with the function of circCACTIN; an over-expressed TGFBR1 could rescue biological changes induced by knocking down of circCACTIN, and silencing of TGFBR1 could rescue biological changes caused by overexpression of circCACTIN (Fig. 7D-F) . For TGFBR1 in Transforming growth factor-β (TGF-β) signaling pathway and its close relationship to cell epithelial-mesenchymal transition (EMT), western blotting was used to detect TGFBR1 protein and EMT marker proteins. The results showed that the expressions of TGFBR1, Vimentin, Snail1 were remarkably down-regulated and E-cadherin was significantly up-regulated in si-circCACTIN group BGC-823 cells; TGFBR1, Vimentin, Snail1 were remarkably up-regulated and E-cadherin was significantly down-regulated in Lv-circCACTIN group MGC-803 cells; TGFBR1 could rescue these protein expression changes induced by interference of circCACTIN (Fig. 7G) . Above all, TGFBR1 played a vital role in GC cells proliferation, invasion, migration, and EMT, which was positively regulated by circCACTIN. -331-3p reverses the effects of circCACTIN on gastric cancer cells. A The expression level of circCACTIN was analyzed by qRT-PCR in each group. B QRT-PCR was used to determine the expression of miR-331-3p in different groups. C CCK8 assays were performed to determine the proliferation of BGC-823 cells and MGC-803 cells in different groups. D The cell invasion capability was detected by transwell assay. E Migration capability was measured by Wound-healing assay. ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001. Fig. 6 The interaction between miR-331-3p and TGFBR1. A. QRT-PCR was performed to detect the expression of SEMA7A, RCC2, TGFBR1, MEIS1, ITGA9, SYT7, FZD4 and MSI1 in miR-331-3p up-regulation MGC-803 cells. B Putative miR-331-3p binding site in the 3′-UTR of TGFBR1 mRNA is shown. The sequence in the TGFBR1 3′-UTR at the complementary site of miR-331-3p was mutated. C Compared to mutant group, the luciferase activity of TGFBR1 wild type group had decreased. The relative luciferase activities were normalized with Vector activity. D QRT-PCR was used to determine the expression of TGFBR1 mRNA. E Western blotting was used to detected the TGFBR1 protein expression. Experiments were repeated 3 times and data were presented as means ± s.d. ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001.
CircCACTIN promotes GC tumor growth in vivo
We then explored the effect of circCACTIN on tumor progression in vivo. Stably down-regulated circCACTIN BGC-823 cells and up-regulated circCACTIN MGC-803 cells and their corresponding control cells were subcutaneously injected into nude mice. The mice were killed on day 25 after inoculation and then xenograft tumors were extracted (Fig. 8A) . Decreased tumor sizes and weights were observed in the circCACTIN down-regulation group compared to those in the si-NC group (Fig. 8B) . Additionally, increased tumor sizes and weights were observed in circCACTIN up-regulation group compared to those in the Lv-NC group (Fig. 8C) . The results of qRT-PCR showed miR-331-3p expression was inversely related to circCACTIN in xenograft tumors. The expression of TGFBR1 mRNA and protein was decreased in circCACTIN down-regulation group, and increased in circCACTIN up-regulation group (Fig. 8D, E) . IHC staining showed silencing of circCACTIN downregulated the expression of TGFBR1, Vimentin, and Snail1, and up-regulated the expression of E-cadherin (Fig. 7F) . While over-expressed circCACTIN had the opposite results (Fig. 8F) . Above all, these results demonstrated that circCACTIN efficiently promoted GC tumor formation and EMT in vivo.
Discussion
CircRNAs have gained increasing attention in recent years due to rapid advances in high-throughput sequencing and bioinformatics technologies. CircRNAs can act as miRNA sponges or decoys, protein sponges or decoys, protein scaffolding, Splicing and transcription to participate in a variety of biological processes [12] . Moreover, circRNAs can also serve as translatable RNAs [13, 14] . Growing evidence shows circRNAs are involved in the occurrence and development of various diseases [15] [16] [17] [18] , especially in cancers [19, 20] . CircRNAs were considered to act as miRNA sponges to compete with mRNAs, reversing the inhibitory effect of miRNA downstream genes, thus increasing the expression and functions of target genes.
In this study, we firstly performed a circRNA microarray detection and detected 656 up-regulated and 761 down-regulated circRNAs in GC. Then four up-regulated circRNAs (hsa_circ_0003893, hsa_circ_ 0044556, hsa_circ_0058230, hsa_circ_0092303) were silenced individually to explore the function of circRNAs in GC, and the results suggested circCACTIN played a role in BGC-823 cells proliferation and invasion. Thus circCACTIN was established as the research target. Elevated expression of circCACTIN was further confirmed by qRT-PCR both in GC tumor tissues and cell lines. Overexpressed circCACTIN promoted cell invasion and migration, but have little effect on cell proliferation in MGC-803 cells. Dual-luciferase reporter assays indicated that miR-331-3p targeted both circCACTIN and TGFBR1, which provided powerful evidence that circCACTIN functioned as a sponge of miR-331-3p to modulate TGFBR1 expression. It was assumed that the circCACTIN/miR-331-3p/TGFBR1 pathway played a critical role in GC progression. MiR-331-3p was reported to play a suppressive role in gastric cancer by targeting E2F1 and HER2 [21, 22] . In sicircCACTIN+miR-331-3p inhibitor group, miR-331-3p inhibitor did not show an increase in circCACTIN expression, while the miR-331-3p mimic decreased circCACTIN expression in Lv-circCACTIN+miR-331-3p mimic group. The reasons could be that to ensure the efficiency of circCACTIN silencing, the siRNA was sufficient during the experiment. The expression of miR-331-3p was at a relative low level in GC cells. Therefore, additional miR-331-3p inhibitors might be not enough to impact the effect of circCACTIN siRNA. However, the miR-331-3p mimics were capable to decrease the overexpressed circCACTIN. Cytological function experiments revealed that circCACTIN and miR-331-3p had reverse effects on cell proliferation, invasion and migration in GC. MiR-331-3p inhibitors could rescue biological changes resulted by silencing of circCACTIN, and miR-331-3p mimics could rescue biological changes caused by overexpression of circCACTIN. E The cell invasion capability was detected by transwell assay. F Migration capability was measured by Wound-healing assay. G Western blotting was used to determine the expression levels of TGFBR1, Vimentin, E-cadherin and Snail1. GAPDH was used as a loading control. Experiments were repeated 3 times and data were presented as means ± s.d. ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001. TGFBR1 is a receptor for TGF-β ligands, and TGF-β signaling pathway is typically associated with induction and maintenance of EMT [23] . EMT is a cellular reprogramming process in which epithelial cells visibly alter their shape, acquire a mesenchymal phenotype and exhibit increased motility, and this cellular change is essential for tumor metastasis [24, 25] . When TGF-β ligands are present, they first bind to TGF-β receptor type 2 (TGFBR2), and TGFBR2 is phosphorylated and then activates TGFBR1 [26] . TGFBR1 consequently activates Smad signaling and forms Smad complex translocating into the nucleus to regulate gene transcription. Following the activation of TGF-β signaling pathway, cells undergo malignant transformation, EMT, metastatic conversion, angiogenesis and cancer progression [27] . TGFBR1 is overexpressed in multiple malignancies, and dysregulation of TGFBR1 leads to tumorigenesis by disrupting cellular processes [28] [29] [30] . TGFBR1 upregulation promoting EMT was detected in NSCLC cells [31] . However, the role of TGFBR1 in GC is unclear. In this study, we showed that silencing of TGFBR1 inhibited cell proliferation, migration, invasion and EMT in GC cells. Moreover, circCACTIN and TGFBR1 had consistent effects on cell phenotypes. An overexpressed TGFBR1 could rescue biological changes induced by silencing of circCACTIN, and a silencing of TGFBR1 could rescue biological changes induced by overexpression of circCACTIN. Today, some clinical trials of TGFBR1 inhibitor in cancers have been performed. Galunisertib (LY2157299), an TGFBR1 inhibitor, was reported with a function of anti-tumor in glioma [32, 33] , hepatocellular carcinoma [34] , pancreatic cancer [35] and Ovarian Cancer [36] , but the results were not entirely satisfactory. Therefore, circCACTIN might be served as a new target for cancer therapy. For further confirmation and exploration of the function of circCACTIN, experiments in vivo were carried out. Down-regulation of circCACTIN inhibited GC tumor formation and EMT, and up-regulation of circCACTIN promoted GC tumor formation and EMT in vivo. The inconsistency in tumor growth between in vitro and in vivo experiments when circCACTIN was overexpressed might be attributed to other factors related to circCACTIN in the tumor microenvironment. Further research needs to be performed to explore the problem.
In this study, we confirmed that circCACTIN and TGFBR1 were overexpressed in GC tissues. CircCACTIN/miR-331-3p/TGFBR1 axis might exist in GC. CircCACTIN promoted GC progression by up-regulating TGFBR1 expression via sponging miR-331-3p.
Conclusion
In summary, this is the first study to explore the function of circCACTIN in GC and the interaction among circCACTIN, miRNA-331-3p and TGFBR1. Through the circCACTIN/miR-331-3p/TGFBR1 axis, circCACTIN performed specific regulatory roles in the progression of GC. CircCACTIN could be a novel biomarker and therapeutic target for GC patients.
